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We investigate the transport of excitons and trions in monolayer semiconductor WS2 sub-
jected to controlled non-uniform mechanical strain. We actively control and tune the strain
profiles with an AFM-based setup in which the monolayer is indented by an AFM tip. Op-
tical spectroscopy is used to reveal the dynamics of the excited carriers. The non-uniform
strain configuration locally changes the valence and conduction bands of WS2, giving rise
to effective forces attracting excitons and trions towards the point of maximum strain un-
derneath the AFM tip. We observe large changes in the photoluminescence spectra of WS2
under strain, which we interpret using a drift-diffusion model. We show that the transport
of neutral excitons, a process that was previously thought to be efficient in non-uniformly
strained 2D semiconductors and termed as funneling, is negligible at room temperature in
contrast to previous observations. Conversely, we discover that redistribution of free carriers
under non-uniform strain profiles leads to highly efficient conversion of excitons to trions.
Conversion efficiency reaches ' 100% even without electrical gating. Our results explain in-
consistencies in previous experiments and pave the way towards new types of optoelectronic
devices.
I. INTRODUCTION
Two-dimensional materials from the class of tran-
sition metal dichalcogenides (TMDCs) are actively
considered for applications in photonics, electronics,
and optoelectronics. TMDCs feature a direct band-
gap in the monolayer limit1,2, exhibit an unusual
spin/valley locking3–5,and can host tunable single photon
emitters6–10. Prototype TMDC-based electronic devices
including transistors11, p-n junctions12, and solar photo-
conversion devices13,14 have already been demonstrated.
Moreover, high Young’s modulus of TMDCs (∼ 170GPa
in WS2
15) invites applications of these materials in flex-
ible electronics15–17.
Physical properties of TMDCs change under mechan-
ical strain18. In the simple case of constant uniaxial
strain, the band-gap energy is reduced by 50 meV/%19,20
and the phonon-assisted coupling is altered20,21. The
band-gap reduction is twice higher, 100 meV/%, for
uniform biaxial strain22. In conventional semiconductor
materials, the advent of ”strain-engineering”, controlled
strain-induced modification of the band-gap, allowed di-
recting flows of excitons in quantum wells23 and led to the
performance improvement of strained Silicon MOSFET
transistors24,25. In the same vein, strain-engineering of
TMDCs has recently been analyzed. The theoretical pro-
posal of Ref. 18 considered a spatially-varying strain
profile induced in a suspended TMDC membrane by a
sharp tip of an atomic force microscope (AFM). In such
a configuration, a force proportional to the band-gap en-
ergy gradient acts on a photoexcited electron/hole pair
(an exciton), transporting it to the center of the strain
”funnel” at the location of the tip (Fig. 1(b)). Two fea-
tures make this setup attractive for efficient solar photo-
conversion. First, spatial variation of the local bandgap
broadens the absorption spectrum of the TMDC. Second,
excitons transported to the location of the AFM tip can
be efficiently extracted and converted to electrical cur-
rent. Experimental signatures consistent with the funnel
effect have been previously observed in wrinkled few-layer
MoS2
26 and monolayer MoS2 nanobubbles
27. Neverthe-
less, these previous experiments did not allow for induc-
tion of predictable strain profiles, dynamic control and
tunability of strain magnitude, or quantitative analysis
of the funneling efficiency. Because of that, the mech-
anisms governing transport and dynamics of excitons in
non-uniform strain profile has not been fully investigated.
Here, we experimentally realized the setup originally
proposed by Ref. 18. Highly non-uniform and in-situ
tunable strain profiles are induced in suspended mono-
layer WS2 by a tip of an all-electrical AFM both in am-
bient and under vacuum conditions, while optical fin-
gerprints of funneling are collected by a high-resolution
optical system. We observe large changes in the PL spec-
tra as a function of strain. By comparing our results to
a simple drift-diffusion model, we decouple the contri-
butions of two effects: funneling of excitons and trions
(charged excitons) and funneling of free charge carriers.
Contrary to prior expectation, we find that funneling of
excitons is a very inefficient process with less than 4%
of photoexcited excitons reaching the funnel center even
at highest achievable strain. In contrast, funneled free
carriers are found to dominate optical spectra by bind-
ing to neutral excitons to form trions with a conversion
efficiency up to ∼ 100%. Taken together, our results ex-
plain inconsistencies in prior experiments and open a new
pathway towards ultra-efficient TMDC-based photocon-
version and optoelectronic devices.
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2II. RESULTS
To study a controllably strained TMDC, we require
a suspended sample which can be approached from one
side by an AFM tip while allowing optical access for
excitation and detection from the other side. To pro-
duce suspended samples, we perforated holes with dif-
ferent diameters ranging from 0.5 to 2 µm in a 50 nm-
thick Silicon Nitride (SiNx) using a Focused Ion Beam
(FIB) milling. Monolayer WS2 was mechanically exfo-
liated onto a PDMS film and transferred on top of the
holes using a dry-transfer technique28 (Fig. 1(c)). Full
details on the fabrication of the samples is given in Ref.
29.
To fulfill the main experimental challenge of this work,
the induction of well-defined and controlled non-uniform
strain profiles in a suspended monolayer of WS2, we de-
veloped a novel AFM-based apparatus (Fig. 1(a)). A
suspended monolayer is indented by an AFM tip from be-
low, while being optically excited from above. Critically,
the AFM cantilever is based on a piezo-resistive technol-
ogy allowing all-electric motion actuation and deflection
readout30. All-electrical operation of the cantilever al-
lows for optical excitation/detection of WS2 without the
disturbing effect of laser sources normally employed in
conventional AFMs. The described AFM setup is ca-
pable of topographic imaging both in tapping (see Fig.
1(d)) and contact mode, recording force-distance curve
for nanoidentation experiments12,31,32, and, most impor-
tantly, applying a constant force on the suspended mem-
brane whilst optical measurements are performed. Last
but not least, the whole AFM system, being all-electrical
and compact, can be incorporated into an optical cryo-
stat, allowing additional measurements of the system un-
der vacuum.
The optical part of the setup consists of a high-
resolution objective (NA=0.75) and a periscope mounted
on a scanning stage capable of nanometer resolution po-
sitioning. The sample is excited by a CW laser source at
532 nm (spot size FWHM 600 nm, power 30 µW unless
specified otherwise) and the photoluminescence (PL) is
directed to a spectrometer (Andor). Overall, our unique
AFM/spectroscopy setup combines full AFM and full
spectroscopic characterization capabilities. This combi-
nation is critical for the investigation of exciton transport
in non-uniform strain profiles both in ambient and vac-
uum conditions.
We start by spatially locating a pristine WS2 mono-
layer suspended over a hole. This is done using tap-
ping mode AFM imaging to avoid puncturing delicate
monolayers6. After locating the center of the suspended
portion of the WS2 monolayer, we perform a nanoidenta-
tion experiment at that location16,31,32. From this data,
we extract the Young’s modulus (Y ) and pre-tension (σ0)
of the membrane, the parameters necessary for the accu-
rate determination of the strain profile29,33. Once pre-
liminary characterization is complete, the sample is con-
trollably indented by locking the PID loop at the desired
Fig. 1 (a) Schematics of the measurement apparatus. The WS2
flake suspended on top of a hole in the SiN/Si membrane is indented
from the bottom by an AFM cantilever while being optically in-
terrogated from the top. (b) The schematic strain profile (top red
curve) and band structure (bottom blue curves) of WS2 vs. dis-
tance from the membrane center under non-uniform straining in
our experiment. An effective force drives photoexcited excitons
towards the point of minimum bandgap in the middle of the mem-
brane where electrons are funneled and holes are inverse funnelled.
(c) Optical image of a WS2 monolayer (dashed black line) on top
of perforated SiN/Si substrate. (d) A tapping mode scan of WS2
shown in (c) recorded using our all-electrical AFM setup. The inset
shows the height profile along a line crossing a suspended flake.
force value, with the AFM tip still positioned at the cen-
ter of the membrane (determined from maximal red-shift
of the PL with respect to zero strain), and PL spectra
vs. strain are acquired.
Figure 2(a) shows the evolution of the PL spectra of
sample A as it is progressively indented. Non-uniform
strain profiles are parameterized by a single value, the
maximum strain εmax that is reached at the middle of the
membrane29. The sample is indented up to its breaking
point, typically about εmax ∼ 2.5% (limited by the rup-
ture of the flake caused by the sharp AFM tip). At zero
strain, the PL spectrum is described by a non-symmetric
Gaussian peak20,21. As strain is increased, this peak
broadens and finally evolves at high strain into a two-
peak structure: the red-shifted ’red’ peak and the blue-
shifted ’blue’ peak. Similar strain-dependent two-peak
structure is seen in every measured sample, for example
in sample B (Fig. 2(b)). Amplitudes of the two peaks
are sample-dependent. In sample B, for instance, the
’red’ peak has much higher spectral weight compared to
sample A.
Previous work26 suggests a tempting interpretation of
the two-peak structure. The ’red’ peak could stem from
emission of the excitons funneled to the point of the high-
est strain, whereas the ’blue’ peak - to excitons that did
not reach the funnel center, thus emitting throughout the
3sample as the laser excitation spot exceeds the character-
istics funneling length. A very high density of excitons is
expected at the membrane’s center in this interpretation.
This should lead, in turn, to a rapid non-radiative Auger
recombination of excitons which is known to be effective
in TMDCs34. To test the role of Auger recombination,
we recorded PL spectra for sample B at a relatively low
power of 8nW . At this power, only a few excitons are
present in the entire sample at any given time and the
role of Auger recombination should be negligible34. Fig-
ure 2(b) shows that only the ’red’ peak remains at low
power while the ’blue’ peak vanishes. In principle, such
behavior is consistent with reduced Auger recombination
and implies more efficient funneling at low power.
Finally, we tested for the contribution of charge exci-
tons (trions) emission in our sample, as the binding en-
ergy of charged excitons in WS2 is suspiciously close to
the energy separation between the ’red’ and ’blue’ peaks.
While PL spectra of samples A and B do not exhibit any
trion contribution at zero strain, we later demonstrate
that such contribution can arise when strain is increased.
Therefore, we n-doped sample C by measuring it in vac-
uum. The desorption of water and Nitrogen from the
sample surface increases the density of free electrons35,
which, in turn, bind to neutral excitons to form neg-
atively charged trions. Indeed, well-understood peaks
corresponding to neutral (at 2.01 eV ) and charged exci-
tons (at 1.965 eV ) are seen in sample C at zero strain
(Fig. 2(c)). Interestingly, as strain is increased, only the
’red’ peak grows, while the ’blue’ peak vanishes.
Overall, the experimental data of Fig. 2 poses the
following questions. What is the physical origin of the
’red’ and ’blue’ peaks? How efficient is the funneling
of neutral excitons in our sample? What is the role of
charged excitons and why does their contribution appear
to be strain-dependent?
Fig. 2 (a) PL spectra of sample A at various strain levels - normalized and shifted for clarity. The data recorded during loading (solid
lines) and unloading (dashed lines) cycles exhibit no hysteresis indicating the absence of mechanical slipping in our experiments. Maximal
strain εmax (reached underneath the AFM tip) is shown next to each curve; The curve with εmax = 0% corresponds to an unstrained
device. Two-peak Gaussian fits are shown along with the data. (b) Power- and strain- dependent PL spectra of sample B. The blue
and purple curves are PL recorded at the excitation power of 30µW for unstrained and strained (εmax = 1.5%) device. The red curve
corresponds to the same strain, but with PL spectrum recorded at 8nW . The data is normalized for better visibility. (c) Strain-dependent
PL spectra for sample C that was measured in vacuum. Well-resolved neutral and charged exciton peaks evident at zero strain indicate
high doping level in that device.
III. DISCUSSION
To answer these questions, we analyze the drift-
diffusion equations governing exciton transport in our
system. For non-uniform density of excitons n(r), the
steady-state continuity condition for excitonic diffusion
~JD = D∇n(r) and drift ~Jµ = µn(r)∇u(r) currents
yields34:
∇(D∇n(r)) +∇(µ n(r)∇u(r))−
n(r)
τ
− n2(r)RA + S(r) = 0 (1)
Here D is the diffusion coefficient, µ = DkBT is the mo-
4Fig. 3 Comparison between the experimentally measured PL spec-
tra in all measured samples (red curves) and the predictions of two
models considered in the text: the model of Eq. 1 which only in-
cludes funneling of neutral excitons (thin dashed blue line), and
the full model of Eq. 3 that adds the effects of carrier funnel-
ing and neutral-to-charged exciton conversion (thick dashed black
line). The shaded blue area is the unstrained PL shown for refer-
ence. The spectra from the following devices are shown: (a) Sample
A for the highest strain. (b)-(c) Sample B for high (b) and low (c)
laser excitation intensities and the highest strain. (d) Sample C for
the highest strain.
bility, RA – the Auger recombination rate, τ – the exciton
lifetime, and S(r) = I02piσ2 e
−r2/2σ2 – the exciton genera-
tion rate in a Gaussian illumination profile with intensity
I0 and σ = FWHM/2
√
2 ln 2. Unless stated otherwise,
we use material constants D = 0.3 cm2/s, µ = 12 cm
2
eV ·s ,
RA = 0.14 cm
2/s, and τ = 1.1 ns experimentally deter-
mined in Ref. 34. The change of the band-gap due to the
strain is assumed to be u(r) = Eg−0.05 ·ε(r), where ε(r)
is the trace of the strain tensor19,22. A detailed analysis
and simulations of Eq. 1 along with various calculations
of u(r) are shown in29.
Figure 3 (blue dashed curves) shows the PL spectra
obtained from the numerical solutions of Eq. 129. These
solutions clearly do not match the experimental data (red
curves). Indeed, while the ’red’ peak of Fig. 2 could be
interpreted as corresponding to a very efficient funneling
process, the numerical solution of Eq. 1 exhibit funneling
efficiency (defined as the fraction of all photoexcited ex-
citons reaching the location of the AFM tip) that never
exceeds 4%29.
It is instructive to develop intuitive understanding for
the observed low funneling efficiency. While the drift
term in the Eq. 1 ’pushes’ the exciton towards the fun-
nel center with the force proportional to ∇u(r), the dif-
fusion term randomizes that motion (see Fig. 1(b)). The
average distances travelled by an exciton during its life-
time due to drift and diffusion respectively can be eval-
uated within a simple Drude approximation. We find
that the diffusion length ldiffusion =
√
Dτ ' 180nm is
much larger compared to the drift length averaged over
the excitation spot, < ldrift >=< ∇u(r) > µτ ' 5nm.
Dominating contribution of the diffusion leads, in turn,
to inefficient funneling. One could claim that we observe
a rather low funneling efficiency due to charging in the
system18. This is not the case here as our analysis us-
ing the drift-diffusion equation is blind to any charging
effects and is also valid to a type I funnel that does not
exhibit charging effects.
We can analyze the relative contributions of drift and
diffusion in another, more quantitative way. It is easy
to show that, on average, exciton current flows towards
the funnel center (drift dominates over diffusion) if the
following condition is met29:
kBT < −S(r)∇u(r)∇S(r) (2)
Both the left-hand side and the right-hand side of this
formula are plotted in Figure 4(b) as red dotted line and
as black solid line respectively. We see that the condition
above is only fulfilled for the small portion of the mem-
brane (r < 250nm), and that diffusion term dominates
the rest of the membrane leading to inefficient funneling.
We therefore posit that funneling cannot be as efficient
at room temperature as predicted in Ref. 18. We note
that Eq. 2 also suggests that higher funneling efficiency
may be possible at cryogenic temperatures.
If funneling is so inefficient, what other physical mecha-
nism is responsible for the data of Fig. 2? The hint comes
from the data of sample C suggesting that the ’red’ peak
at high strain evolves from the trion peak at zero strain.
To include the contribution of trions into our model, we
again use the same Eq. 1, but with n(r) = nex(r)+ntr(r)
where nex(ntr) is the exciton (negatively charged trion)
density, respectively. Although there are differences in
the physical constants D,µ,RA, τ between excitons and
trions, we have found that the solution of n(r) does not
change significantly in a broad range of possible values29,
thus we used the same values for both species.
It is easy to see that the density of trions near the de-
vice center is expected to be strongly strain-dependent.
Indeed, the relative densities of neutral and charged ex-
citons depend on the density of background electrons
(doping level) nb(r) in our device. While at zero strain
background carriers are uniformly distributed through-
out the device, the applied nonuniform strain lowers
the top of the conduction band uc(r). Quantitatively,
assuming that the density of background electrons is
described by the Boltzmann distribution, we obtain
nB(r) =
N0e
∆uc(r)/kBT∫
e∆uc(r)/kBT rdr
29. Here N0, which is strain de-
pendent, represents the number of free carriers in the
whole area of the strained membrane for any given time,
and ∆uc(r) is change of the energy of the top of the con-
duction band from the zero strain value29. The expres-
sion above makes it clear that the electrons are effectively
5’funneled’ towards the point of the highest strain at the
center of the membrane. As a consequence, photoexcited
neutral excitons present near the membrane center bind
to free electrons forming trions. To quantitatively deter-
mine the intensity of trion emission, Eq. 1 is solved for
n(r) as before, and nex, ntr are determined from nB(r)
using the law of mass action29,36,37.
Once the carriers densities nex, ntr are determined, the
entire PL spectrum is calculated by the following expres-
sion:
〈PL〉 =
∫ ∞
0
[PLex(uex(r))nex(r)+
PLtr(utr(r))ntr(r)]rdr (3)
Here PLex(PLtr) are the spectral lines of the excitons
(trions), respectively and are taken from the Gaussian
fits of the spectrum at zero strain. Figure 3 shows a
comparison between the model (black dashed line), us-
ing N0 as a single fit parameter, and the experimen-
tal results (red line) for relevant strain and excitation
intensities for all samples. The model is in much bet-
ter agreement with the experimental data, especially in
comparison with the model that does not include trion
effects (thin blue dashed line). We therefore conclude
that strain-related free carrier funneling, followed by con-
version of neutral to negatively charged excitons, is the
dominant process in our samples.
To illustrate the mechanism responsible for the appear-
ance of the strain-dependent trion contribution, we show
in Fig. 4(c) the calculated spatial dependencies of neu-
tral and charge exciton densities in Sample A (calcula-
tions for other samples are shown in Ref. 29). We see
that the trion density ntr(r) steadily increases and be-
comes much larger than nex(r) towards the center of the
funnel, consistent with funneling of free carriers to that
region. At the same time, in the region of the sample
that predominantly contributes to the observed signal
due to the Jacobian rdr (defined as the shaded area in
Fig. 4(a)), nex(r) > ntr(r). This explains comparable
magnitudes of the trion and exciton peaks in Sample A
(Fig. 3(a). In contrast, in samples B (low excitation)
and C the doping level is higher. In that situation, we
find29 that nex(r) ntr(r) in the relevant area of the de-
vice, meaning that photoexcited neutral excitons are con-
verted into trions with conversion efficiency approaching
100%.
Our findings suggest several important implications.
First, strain-dependent exciton-to-trion conversion pro-
duces experimental signatures that may appear similar
to that of neutral excitons funneling, but much stronger
in amplitude. This suggests that previous reports of ex-
citon funneling might have strongly overestimated its ef-
ficiency. Second, while we experimentally realize, for the
first time, the controlled funneling geometry of the the-
oretical proposal18, the dominant process in such a de-
vice is found to be diffusion rather than drift, at least
Fig. 4 (a) The source term S(r) · r in Eq. 1 corresponding to
the illumination spot in our experiments. The shaded region, de-
fined as the region where the term falls to less than 1/2 from the
maximal value, represents the sample area producing the dominant
contribution to the measured PL. (b) The ratio between the drift
and the diffusion terms in the Eq. 1 (solid black curve). Equation
2 indicates that when this ratio is higher than kBT = 25 meV
(dashed red line), drift dominates over diffusion. Inset: A sketch of
the forces acting on a neutral exciton in our straining conditions.
(c) Normalized densities of neutral nex(r) (dotted blue curve), and
charged excitons ntr(r) (solid red curve) calculated using the for-
malism described in the text. Large ntr(r) near the center of the
membrane reflects effective funneling of free electrons towards the
point of the highest strain, followed by their binding into trions.
Inset: A sketch of the carrier funneling and trion conversion pro-
cesses.
at room temperature. This means that the photoconver-
sion mechanism proposed by Ref. 18 may not be feasi-
ble. Finally, and perhaps most importantly, the strain-
dependent exciton-to-trion conversion may constitute an-
other, more efficient photoconversion mechanism com-
pared to that of Ref. 18. We speculate that the energet-
ics of energy-harvesting of weakly-bound trions may be
advantageous to that of strongly-bound neutral excitons.
To summarize, in this work we have presented a novel
experimental setup that allows full dynamical control
of strain amplitude and profile in optically-interrogated
TMDC monolayers. We revealed that even in TMDCs
strained to the point of breakage, the funneling of the
excited carriers is not nearly as efficient as previously
thought. On the other hand, we discovered that in the
presence of non-uniform strain, another process, neutral-
to-charged exciton conversion becomes dominant. It is
noteworthy that this former process, while being phys-
ically very different than the latter, can produce simi-
lar experimental signatures leading to possible misinter-
pretations. Finally, we note that in the future it will
be especially interesting to study the role of funneling
at cryogenic temperatures, where the role of diffusion is
minimized.
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